
UCRL-TR-202443

LDRD Final Report 01-ERI-001

M.W. McElfresh, R.E. Rudd, R. Balhorn, J. Belak

February 20, 2004

labass1
Probing the Properties of Cells and Cell Surfaces with the Atomic Force Microscope



Disclaimer 
 

 This document was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor the University of California nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any 
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, 
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or the University of California. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States Government or the University of California, 
and shall not be used for advertising or product endorsement purposes. 

 
 
 

 

 This work was performed under the auspices of the U.S. Department of Energy by University of 
California, Lawrence Livermore National Laboratory under Contract W-7405-Eng-48. 
 



LDRD FINAL REPORT; 01 -ERI-001 

Probing the Properties of Cells and Cell Surfaces with the Atomic Force 
Microscope

M. McElfresh, R. Balhorn, R. Rudd, and J. Belak,

INTRODUCTION

We have developed new techniques based on atomic force microscopy (AFM) to image, 
and to quantify the strength of, specific receptor sites on the membrane of a living cell.  
AFM has developed rapidly during the past decade, providing nanometer scale resolution 
in the imaging of biological materials ranging in size from single molecules to intact 
cells. By monitoring the cantilever deflection during approach-retraction cycles (i.e. 
force-volume curves), the unbinding forces have been determined for various ligand-
receptor pairs.  It is now possible to use a single receptor molecule bound to the tip of an 
AFM cantilever to map the locations of ligands bound on solid surfaces, opening the door 
for new “recognition mapping” methods.  The goal of our project was to develop 
recognition mapping for living cells and cell membranes, a major step forward. 

This project contributes to LLNL’s national security mission by creating a method to 
measure the real time response of individual living cells to a range of perturbations.  The 
properties of living cells change in response to wide variety of external stimuli ranging 
from chemical and thermal changes in their environment to their response to infection or 
poisoning by bacteria and toxins, like those manifested by bio- and chemical warfare 
agents.  The technique we are developing provides a new, non-destructive means to 
detect resulting changes in the properties of the cell membrane at the nanoscale.  These 
methods provide a means for evaluating molecules that could be used as the targeting 
molecules in sensor systems. 

The scope of the project was the development of the experimental technique to make 
recognition measurements on living cells, the development of an associated 
computational model, and a proof of principle application to a well-known cell system. 
The computational model of the overall mechanical response of the cell was developed in 
order to deconvolute the mechanical response of the cell from the local surface 
interactions of interest. These local interactions include recognition (or binding) events 
between molecules bound to an AFM tip (e.g. an antibody) and molecules, or receptors 
on the cell surface (e.g. the respective antigen). 

RESULTS

In FY01, the project has produced significant results in three areas: AFM measurement of 
cellular mechanical properties, analytic model building to describe large deformations of 
the membrane, and implementation of numerical models of indentation.  Stunning 
topographic measurements of the shape of the revitalized bull sperm cell, including 



hitherto unobtainable detail of the equatorial segment, and force-displacement 
measurements were made for the three cell segments.  The latest characterization 
techniques were used to measure the shape of the AFM tip in order to parameterize the 
model.  A new analytic model for large deformations of cell membranes was developed.  
This is a major step forward in the modeling of cell deformations, replacing the Hertz 
model and linear elastic models.  The model has been coded in C1 finite elements and 
used thus far to study the deformation in high symmetry.  We have also developed high 
resolution 3D finite element models of the cell that will be used to simulate more generic 
deformations.

In FY01 the team included Professor Eveline Baesu of the Mechanical Engineering 
Department of the University of Nebraska, Lincoln.  Professor Baesu is an expert in the 
theoretical modeling of membranes and worked closely with R. Rudd of our team to 
develop a new theoretical modeling strategy applicable to cell membranes.  We also 
collaborated with Dr. Mike Allen of Biometrology.  Dr. Allen is an expert in the use of 
the AFM on biological systems and worked on the AFM of sperm cells during his thesis 
work with R. Balhorn.  Several papers resulted form this work including one in the 
Proceedings of the National Academy of Sciences.

In FY02, the project produced significant results in several areas.  Nanostamped patterns 
of specific self-assembled-monolayers (SAMs) were fabricated and AFM tips derivatized 
with Concanavalin-A (Con-A) were used to test the binding of the target molecules of 
interest between an AFM tip and rigid surface bound molecules.  The Con-A derivatized 
tips were then used to study living cells prior to, and after, the acrosomal reaction.  
Recognition events were observed for cells for which the acrosomal reaction had been 
induced.  In addition, unprecedented topographic images of the post acrosomal cell 
showing the dramatic change in shape of the cell were obtained.  In FY02, the theoretical 
modeling effort made significant progress by incorporating the constitutive properties of 
the membrane into a more realistic model of the cell.  The most recent model now makes 
it possible to move beyond axial symmetry and on to realistic cell shapes.

In addition, a surprising experimental result was observed.  Sperm cells were found to 
stick to the AFM cantilever for periods of time during which it was possible to monitor 
the force produced by the sperm flagella.  Several papers were submitted in FY02 and 
several invited talks were presented. 

In FY03, Dr. Tim Ratto joined the project as a postdoc.  Dr. Ratto introduced the group to 
recent developments in analysis of recognition microscopy data (i.e. force spectral 
analysis).  The interactions between Con-A tethered on the AFM tip and mannose 
residues tethered to the surface were studied and analyzed in detail.  It was shown that by 
using 20 nm tethers to attach each molecules to their respective surfaces, it was possible 
to distinguish non-specific binding events from the specific binding events associated 
with the Con-A to mannose bonding.  This allowed resolving the bond energy with much 
greater precision than in any previous molecular bonding studies.  In addition, bonding 
events requiring double the force to break the bonds were observed.  This appears to be 



the first clear example of multivalent binding in a biological system studied by 
recognition microscopy.   
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